senger triggering a cascade of molecular events that render the red blood cell prone to invasion (Wasserman 1990 ). Several of these events have been shown to modify the cytoskeleton of the red blood cell ). Other authors (Ginsburg et al. 1983 , Krungkrai & Yuthavong 1983 , Kramer & Ginsburg 1991 have shown changes in the permeability of the cell infected with mature parasites, changes that cause an increase in intracellular calcium concentration. Krogstad et al. (1991) confirmed the above described findings, and proposed that during infection a red blood cell calcium dependent transglutaminase was activated. The transglutaminase cross-links the cytoskeletal proteins, thus changing the normal shape and deformability of the red blood cell. A similar finding was reported when normal erythrocytes were treated with calcium and the calcium-ionophore A23187 (Kuettner et al. 1977 , Lorand 1988 ). Krogstad's view was objected to (Clark 1991) because the concentration of calcium necessary to activate the transglutaminase is not likely to be reached, even transiently, during the infection of the red cell by Plasmodium.
In this paper we have examined the activity of transglutaminase (EC 2.3.2.13) during the erythrocytic cell cycle of P. falciparum. We were caThis work was supported by the Instituto Colombiano para el Desarrollo de la Ciencia y la Tecnología "Francisco José de Caldas" Colciencias (project 2104-04170-95 col. 044-96) , by the Instituto Nacional de Salud de Colombia and by the Universidad Nacional de Colombia. + Calcium plays important roles during the invasion and maturation of the parasite Plasmodium falciparum in the human erythrocyte. In a previous work Wasserman et al. (1982) showed that in the presence of EGTA the young trophozoites developed only for a few hours and then the cycle was irreversibly arrested. In other studies (Geary et al. 1986 , Matsumoto et al. 1987 , Tanabe et al. 1989 ) it has been reported that calmodulin antagonists and calcium blockers inhibit the growth of P. falciparum in red cells. Elsewhere we have reported an entrance of calcium in the erythrocyte during invasion ). We have proposed that the transient rise of calcium concentration might act as a second mes-pable of demonstrating that an activity of transglutaminase was present in the infected cell and that its origin was solely erythrocytic. As the cycle proceeded, a fraction of the enzyme became irreversibly activated and its proportion increased with the age of the parasite. We postulate that this enzyme could be activated by other calcium dependent enzymes, i.e. proteases that need only micromolar calcium concentrations to become fully active.
MATERIALS AND METHODS
Cell culture -The parasites -Colombian FCB2 strain of P. falciparum -were continuously maintained in human O+ erythrocytes (Trager & Jensen 1976) in a 90% N 2 , 5% O 2 and 5% CO 2 atmosphere (Incubator Tabai BN210). The medium used was RPMI-1640 (Sigma) supplemented with 0.2 mM hypoxanthine, 1 mg/ml reduced glutathione, 25 mM HEPES, 10% human serum and 50 mg/ml gentamycin. Human erythrocytes were freed from leukocytes by centrifugation through Ficoll-paque (Pharmacia) cushions. The parasite culture was synchronized by 5% sorbitol induced lysis of mature forms (Lambros & Vanderberg 1979) . When the culture reached the stage of mature schizonts, the parasites were concentrated by percoll gradient centrifugation (Rivadeneira et al. 1983) . A preparation containing almost 90% schizonts was diluted with fresh erythrocytes and invasion was allowed to proceed for 12 hr at a hematocrit of 0.5 to 1% ). The highly parasitized culture was concentrated to a 5% hematocrit and samples were obtained at the desired developmental stages.
The samples containing mature trophozoites and schizonts were concentrated with percoll gradients as described before. Samples containing rings were concentrated with a combined sorbitolpercoll gradient as described (Kutner et al. 1985) . The cell density in all samples was quantified by hematocytometry using a Neubauer chamber and the parasitemia was evaluated on Giemsa stained smears, counting 10,000 cells. The differential lysis of the cells was done by incubation at 37 o C for 5 min in an isotonic solution containing 0.15% saponine. Sediment of residual membranes and parasites was removed by a 10 min-centrifugation at 15,000 x g (Eppendorff centrifuge).
Quantification of calcium -Total calcium was quantified using atomic absorption spectrophotometry in a graphite oven. Polyethylene and polymethylpentene labware was used in the determination. The plasticware was soaked in a solution of 30% HNO 3 for 3 hr, and rinsed with boiling deionized water (Type RI). The saponine and HCl solutions were deionized using 1g of resin AG-501-X8 (BioRad) per 100 ml solution. Other buffers and solutions were equally treated but with the resin Chelex-100 (BioRad) in its sodium form. To avoid phosphate interferences the samples were mixed with 0.5 M HCl and 4 mM LaCl 3 . The determinations were performed in a Perkin Elmer 2380 Atomic Absorption Spectrophotometer equipped with a graphite oven (HGA400). The following protocol was used: drying at 100 o C for 10 sec, calcination at 1,000 o C for 5 sec and atomization at 2,400 o C for 5 sec. The reading was done at the last stage. The transporter gas was Argon of high purity at a flow of 50 ml/min. A calibration curve between 0.1 and 0.5 mM was constructed with a CaCl 2 standard.
Transglutaminase assay -The activity of transglutaminase was measured as described by Lorand et al. (1978) and Takagi et al. (1986) with slight modifications as follows: samples of 30 ml of the different extracts containing also 2 mg/ml dimethylcaseine and 5 mCi of 3 H-putrescine (5-40 Ci/mmol) were incubated in Eppendorff tubes with continuous agitation at 37 o C for 1 hr. Three different conditions were routinely used: the first was in the presence of 0.5 mM CaCl 2 for determination of total potential activity, the second without addition of calcium for determination of the actual activity and the third one with the addition of 1 mM EGTA for the determination of the calcium-independent irreversibly activated fraction of the enzyme.
The reaction was stopped by the addition of 1 ml ammonium sulphate (80% sat.). After complete precipitation of the casein, the tubes were centrifuged at 15,000 x g for 5 min. The supernatant was discarded and the pellet was resuspended and washed three times with the same solution. After the last wash, the pellet was drained and solubilized in 0.1 ml of a HEPES buffered isotonic solution. The whole sample was mixed with 3 ml of a scintillation cocktail for aqueous samples (ReadySolv Beckman) and radioactivity was determined in a scintillation counter. Samples were processed in triplicate.
The determination of the Michaelis-Menten constants was performed with cell extracts diluted ten times with HEPES buffered isotonic solution and in the presence of 0.5 mM Ca 2+ . The concentration of putrescine varied between 0.2 x 10 -6 and 8 x 10 -6 M and that of N'N'Dimethylcaseine between 0.5 x 10 -7 and 8 x 10 -7 M. The activity was measured as described before, and the rates were expressed as D:P:M. of 3 H incorporated per minute in N'N' dimethyl-caseine.
RESULTS
Transglutaminase activity in infected erythrocytes -A calcium dependent transglutaminase ac-tivity is observed in erythrocytes infected with the parasite P. falciparum. However, the activity of the parasitized cell is undistinguishable from that of the uninfected erythrocyte. We show in Fig. 1 that the total activity in a cell infected with a young trophozoite (about 12 hr-old), measured in the presence of calcium, is only slightly lower than that in a normal erythrocyte. The transglutaminase activity is located mainly in the cytoplasm. The sediments of uninfected membranes and of membranes plus parasites are virtually free of transglutaminase whether the activity is measured in the presence or in the absence of calcium.
The Michaelis Menten constants of the enzyme were calculated for both substrates ( 3 H-putrescine and N'N'dimethyl-casein), in extracts of uninfected and infected erythrocytes (Fig. 2) . The results obtained were 0.48 x 10 -6 M for putrescine and 0.53 x 10 -7 M for N'N'dimethylcaseine, and were the same for the infected and for the uninfected cell extracts. This fact supports the observation that there is only one calcium dependent transglutaminase in the two cell system and that it comes from the erythrocyte.
We also show in Fig. 1 that the basal activity is very low, since it is barely noticeable without the addition of Ca 2+ to a concentration of 0.5mM. However, in the absence of calcium the activity is consistently higher in the cytoplasm of the infected erythrocyte. This fact can be related either to a permanent activation or to a higher endogenous calcium concentration in the infected erythrocyte cytoplasm. Fig. 3 suggests that the latter is not the case. The total calcium concentration was measured by atomic absorption with a graphite oven. When evaluating the cytoplasm extract prepared with saponine -which leaves the parasite undisruptedwe observed that the total calcium in the infected cell increases steadily with maturation. However, this increase was mainly due to calcium located in the undisrupted parasite and not in the erythrocyte cytoplasm. The total calcium in the cytoplasm increased by no more than 30% while that retained in the saponine pellet was 30-50 times higher in mature trophozoites and schizonts than in uninfected cells. Nevertheless, in order to avoid ambiguities, the experiments presented in Fig. 4 were done with saponine extracts in which the erythrocyte cytoplasm was diluted only by a factor of 1.2. Changes in the transglutaminase activity throughout the erythrocytic cell cycle -Synchronous cultures were obtained as described, and the activity of the cytoplasmic extract was measured in the presence of 0.5mM Ca 2+ without the addition of Ca 2+ , and with EGTA 1 mM to ensure a submicromolar concentration of calcium (as in the normal cell). Fig. 4a shows that the total transglutaminase activity in the presence of Ca 2+ decreases steadily with the parasite maturation, probably due to the digestion of erythrocyte cytoplasm by the parasite. However, there is a fraction of transglutaminase that seems to become unsensitive to calcium and irreversibly activated. This fraction increases proportionally with age, and in 48 hr-old schizonts it is almost 90% of all the detectable activity (Fig. 4b) . It strongly contrasts with the 12 hr-old rings in which the irreversibly active fraction is barely 20% of the total.
Effect of transglutaminase inhibitors in the development of the parasite -When present in the medium at a 2mM concentration for 15 hr, putrescine, a competitive inhibitor of transglutaminase, inhibited the invasion to 50%. This experimental system does not differentiate if the inhibition occurs at the last stages of maturation, at liberation, or at invasion. Cystamine 1 mM, reported to be an irreversible inhibitor of transglutaminase , was added to a synchronous culture of P. falciparum at 12, 24, 36 and 48 hr. Although the effects were not very strong, a delay in development was noticed when cystamine was added at 12 or 24 hr. The final steps of maturation were seriously delayed and the parasites were extensively vacuolated. When the cystamine was added to 48 hr-old schizonts the invasion was diminished to a 30% of the control.
DISCUSSION
The changes in shape and membrane fluidity suffered by erythrocytes infected with P. falciparum (Krogstad et al. 1991) are reminiscent of those produced in normal erythrocyte by an induced entrance of calcium (Kuettner et al. 1977 , Kon et al. 1993 . This fact suggests the involvement of a transglutaminase activity, which causes extensive crosslinking of the cytoskeletal proteins during the maturation of the parasite. Moreover, a crosslinked form of band 3 has been shown to be an important antigen, probably related to the cytoadherence, in the mature parasite (Winograd & Sherman 1989) .
We have previously shown that there is a calcium entrance in the erythrocyte during the invasion , and suggested that a localized higher cytoplasmic calcium concentration might be a second messenger triggering a series of molecular events that render the erythrocyte prone to invasion (Wasserman 1990 ). Krogstad et al. (1991) have re-examined the role of calcium in the maturation of the intraerythrocytic P. falciparum. They suggest that the loss of red cell deformability, and the alterations in the cytoskeletal proteins of the parasitized cells might be due to a parasite-induced change in the calcium permeability of the cell and the consequent activation of endogenous transglutaminases in the red cell cytoplasm. However, Clark (1991) has objected to their view, mainly based on the fact that transglutaminase mediated crosslinking is detectable in erythrocytes only when Ca 2+ concentrations are superior to 300 mM. This situation is very unlikely to occur, as it is probably incompatible with the 48 hr-life term of the parasitized erythrocyte.
In this paper we present experimental evidence about the involvement of a transglutaminase in the process of maturation. We have defined this transglutaminase as erythrocytic and we have shown that it is sensitive to calcium. Our results seem to favor a gradual irreversible activation through the maturation process rather than the activation caused by a permanent increase of the cytosolic calcium. Moreover, when quantifying total calcium, we have shown that most of it was located in a compartment resistant to saponine treatment, in other words, that it was concentrated inside the parasite. The erythrocytic cytoplasm content of calcium was barely increased by a 30% over that of non infected cells (Fig. 3) . A similar result was reported for cytosolic free calcium using a cytofluorometric method (Adovelande et al. 1993) . The fraction of transglutaminase that seemed to be constitutively activated in the infected erythrocyte increased. It became significantly higher when the cellular deformations and changes in membrane rigidity at trophozoite stage appeared. Late in schizogony it became the predominant transglutaminase fraction (Fig. 4) .
The only transglutaminase that was detectable in this system originated in the erythrocyte. Although the assay is very sensitive, it was not possible to detect a significant activity in parasites free of erythrocyte cytoplasm (Fig. 1) . Moreover, the Michaelis-Menten constants of the enzyme for both substrates were the same for infected and for uninfected cell extracts (Fig. 2) . These results strongly suggest that there is indeed only one transglutaminase in the infected cell. This might be an example of subversion -for the purposes of the parasite -of the erythrocytic enzyme machinery.
If the activation of the transglutaminase is not directly caused by an increase in calcium concentration, the mechanism of the activation remains an open question. One possibility is that the crosslinking activity detected here and previously suggested by Krogstad corresponds to a reported membrane-associated erythrocyte transglutaminase (Billet & Puszkin 1991) which is activated by calmodulin and calcium at micromolar concentrations. However, our results seem to contrast with this option. A second possibility is that the reported activity could be a colateral effect of the transient calcium rise during invasion. This rise could activate other calcium dependent enzymes as the proteinase calpain, which becomes irreversibly activated at micromolar calcium concentrations and might activate transglutaminase (Chung et al. 1988) . Calpain has been shown also to be involved in the invasion of the erythrocyte by Plasmodium (Olaya & Wasserman 1991) .
The role of transglutamination during infection is not clear. It does not seem at first sight advantageous for the parasite to enhance the fragility of its host cell. However, some of the products of transglutamination could be involved in the sequestration of the mature trophozoite in the capillary vessels (Winograd & Sherman 1989) . Moreover, the rigidity of the cell and the changes in its shape could be related to the final disruption for the liberation of the merozoites. The resemblance of the effect reported here to the apoptosis of other cells is intriguing. It is tempting to propose that, while invading the erythrocyte, the parasite commits it to die in 48 hr, or at least, to change deeply its structure simultaneously with the completion of the cycle. The liberation of the newly formed merozoites would be thus greatly facilitated by this degenerative process.
